.-Reactive oxygen species (ROS) generated from NADPH oxidases and mitochondria have been implicated as key messengers for pulmonary vasoconstriction and vascular remodeling induced by agonists and hypoxia. Since Ca 2ϩ mobilization is essential for vasoconstriction and cell proliferation, we sought to characterize the Ca 2ϩ response and to delineate the Ca 2ϩ pathways activated by hydrogen peroxide (H2O2) in rat intralobar pulmonary arterial smooth muscle cells (PASMCs). Exogenous application of 10 M to 1 mM H 2O2 elicited concentration-dependent increase in intracellular Ca 2ϩ concentration in PASMCs, with an initial rise followed by a plateau or slow secondary increase. The initial phase was related to intracellular release. It was attenuated by the inositol trisphosphate (IP 3) receptor antagonist 2-aminoethyl diphenylborate, ryanodine, or thapsigargin, but was unaffected by the removal of Ca 2ϩ in external solution. The secondary phase was dependent on extracellular Ca 2ϩ influx. It was unaffected by the voltage-gated Ca 2ϩ channel blocker nifedipine or the nonselective cation channel blockers SKF-96365 and La 3ϩ , but inhibited concentration dependently by millimolar Ni 2ϩ , and potentiated by the Na ϩ /Ca 2ϩ exchange inhibitor KB-R 7943. H2O2 did not alter the rate of Mn 2ϩ quenching of fura 2, suggesting store-and receptor-operated Ca 2ϩ channels were not involved. By contrast, H2O2 elicited a sustained inward current carried by Na ϩ at Ϫ70 mV, and the current was inhibited by Ni 2ϩ . These results suggest that H2O2 mobilizes intracellular Ca 2ϩ through multiple pathways, including the IP3-and ryanodine receptor-gated Ca 2ϩ stores, and Ni 2ϩ -sensitive cation channels. Activation of these Ca 2ϩ pathways may play important roles in ROS signaling in PASMCs.
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nonselective cation channels; sodium-calcium exchange; ryanodine receptor; inositol trisphosphate receptor; pulmonary arteries REACTIVE OXYGEN SPECIES (ROS) derived from diverse cellular sources, including NADPH oxidase, mitochondrial electron transport chain (ETC), xanthine oxidase, cytochrome P-450, cyclooxygenase, and nitric oxide synthase, are known to play important roles in the regulation of pulmonary and systemic circulation (15) . It has been established that vasoconstrictors/ mitogens, such as angiotensin II, serotonin, endothelin-1, platelet-derived growth factor, and tumor necrosis factor-␣, stimulate the production of superoxide and hydrogen peroxide (H 2 O 2 ) to enhance vasoconstriction and activate redox-sensitive gene transcription to promote proliferation, hypertrophy, migration, and survival of vascular smooth muscle cell (14, 34, 36, 58) . Recent studies showed that ROS overproduction is associated with pulmonary remodeling and alterations in vascular reactivity observed in chronic hypoxia, and targeted deletion of gp91 phox subunit prevented these changes in knockout mice, suggesting that ROS generated from NADPH oxidase contribute significantly to the pathogenesis of hypoxic pulmonary hypertension (23, 37) .
More interestingly, accumulated evidence suggests that ROS are critically involved in O 2 sensing for initiating acute hypoxic pulmonary vasoconstriction (HPV) (42, 67, 68) . However, the details of the mechanism are still controversial and remain the subjects of intense debates. Several mechanisms involving microsomal/cytosolic NAD(P)H oxidases and mitochondrial ETC have been proposed. Among them, two models have presently received the most attention. The first model is based on the redox regulation of voltage-gated K ϩ (K V ) channels (3, 4, 39) . It proposes that ROS generated by mitochondrial ETC (complexes I and III) under normoxia are rapidly converted into diffusible H 2 O 2 , which causes pulmonary vasorelaxation through activation of the redox-sensitive K V (K V 1.5 and K V 2.1) channels. Reduction in PO 2 during hypoxia decreases mitochondrial electron transport and ROS production, leading to the inhibition of K V channels, membrane depolarization, activation of voltage-gated Ca 2ϩ channels, increase in cytosolic Ca 2ϩ concentration ([Ca   2ϩ ]), and vasoconstriction. The contending model also proposes mitochondria-derived ROS as the mediator of HPV (65, 66) . However, hypoxia causes a paradoxical increase in superoxide production, presumably by facilitating the transfer of unpaired electron from ubisemiquinone to O 2 (67) . H 2 O 2 liberated by superoxide dismutation in mitochondria and cytosol then triggers Ca 2ϩ release from intracellular Ca 2ϩ stores to activate store-operated Ca 2ϩ entry (44, 51, 63) and to inhibit K V channels to further enhance Ca 2ϩ influx through membrane depolarization and voltage-gated Ca 2ϩ channel activation (48). Despite repeated efforts using different probes and techniques of ROS detection in organ, tissue, and cell preparations, the consent for ROS being up or down during HPV has not been reached (55) .
Since HPV, pulmonary vasoconstriction, pulmonary arterial smooth muscle cell (PASMC) proliferation induced by agonists/mitogens, as well as vascular remodeling in pulmonary hypertension are all intricately linked to intracellular Ca 
MATERIALS AND METHODS
Isolation and culture of PASMCs. PASMCs were enzymatically isolated and transiently cultured as previously described (35) . The protocols involved were reviewed and approved by the Johns Hopkins University Animal Care and Use Committee. Briefly, male Wistar rats (150 -250 g) were injected with heparin and anesthetized with pentobarbital sodium (130 mg/kg ip). They were exsanguinated, and lungs were removed and transferred to a petri dish filled with HEPES-buffered salt solution (HBSS) containing (in mM) 130 NaCl, 5 KCl, 1.2 MgCl 2 , 1.5 CaCl 2 , 10 HEPES, and 10 glucose, pH 7.4 (adjusted with NaOH). Secondand third-generation intrapulmonary arteries (ϳ300 -800 m) were isolated and cleaned free of connective tissue. The endothelium was removed by gently rubbing the luminal surface with a cotton swab. Arteries were then allowed to recover for 30 min in cold (4°C) HBSS, followed by 20 min in reduced Ca 2ϩ (20 M) containing HBSS at room temperature. The tissue was digested at 37°C for 20 min in 20 M Ca 2ϩ HBSS containing collagenase (type I, 1,750 U/ml), papain (9.5 U/ml), bovine serum albumin (2 mg/ml), and dithiothreitol (1 mM Light emitted from the cell was returned through the objective and split with a dichroic mirror, and fluorescence was detected at 535/40 nm by a photomultiplier tube. The emission signals were amplified with a dual-emission fluorometer (Biomedical Instrumentation Group, University of Pennsylvania, Philadelphia, PA). Photobleaching of fluo 3 dye was minimized using a neutral density filter (ND-3, Omega Optics) and an electronic shutter (Vincent Associates). The shutter was opened for 35 ms every second, and the fluorescence signals during the open period were integrated with a sample-and-hold circuit. The protocols were executed, and the data were collected on-line with a Digidata 1200 analog-to-digital interface (Axon Instruments, Union City, CA) and the pClamp software package.
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, where F is fluorescence, F bg is background fluorescence, and F max is the maximum fluorescence determined in situ in cell superfused with 10 M 4-bromo A-23187 and 20 mM Ca 2ϩ ; or by a pseudoratio method, using the following equation ] rest ) of PASMCs was assumed to be 176 nM (35) .
Mn quenching of fura 2. Ca 2ϩ entry through nonselective cation channels was quantified by quenching of fura 2 with Mn 2ϩ . PASMCs were loaded with fura 2-AM as described above. Fura 2 was excited at the Ca 2ϩ -insensitive isobestic point of 360 nm, and emission light was recorded at 535/40 nm. PASMCs were then bathed in a Ca 2ϩ -free (with 0.1 mM EGTA) Tyrode solution containing 1 M nifedipine. After a stable baseline fluorescent measurement was attained, 500 M Mn 2ϩ were applied through a concentration-clamp system with the multibarrel pipette positioned Ͻ50 m from PASMCs. The rates of quenching of fura 2 fluorescence in PASMCs with and without drug treatments were determined and compared. Ca 2ϩ , the initial Ca 2ϩ release elicited by H 2 O 2 was attenuated by ϳ38% in the ryanodine-treated PASMCs (Fig. 3) . In a separate set of experiments, PASMCs were exposed to 50 M 2-APB for 30 min to inhibit the inositol trisphosphate (IP 3 ) receptors (IP 3 R), and extracellular Ca 2ϩ was then removed at 5 min before H 2 O 2 application (Fig. 4) (Fig. 5, A and B (Fig. 6, A and C) . In contrast, Ni 2ϩ at concentrations of 300 M to 3 mM caused concentration-dependent inhibition of the H 2 O 2 -induced Ca 2ϩ transient. The reduction of Ca 2ϩ transients ranged from 21.0 Ϯ 4.1 to 76.5 Ϯ 7.2% (Fig. 6, B and D) . In a separate set of experiments, Mn 2ϩ quenching technique was employed to further evaluate the nonselective cation entry during H 2 O 2 exposure. In fura 2-AM loaded PASMCs, application of 500 M Mn 2ϩ caused a slow quenching of fluorescence signal in the presence of 1 M of nifedipine (Fig. 7) of Ϫ70 mV, 1 mM H 2 O 2 elicited an inward current (I H 2 O 2 ) of 13.0 Ϯ 4.9 pA/pF 1-3 min after application (Fig. 8) . I H 2 O 2 was dependent on extracellular Na ϩ . Replacement of Na ϩ with N-methyl-D-glucamine (NMDG ϩ ) almost completely abolished the current (2.6 Ϯ 0.6 pA/pF, n ϭ 5, P Ͻ 0.05). It was also sensitive to 3 mM Ni 2ϩ , consistent with the Ca 2ϩ transient experiments. The averaged amplitude of I H 2 O 2 at Ϫ70 mV was reduced from Ϫ14.7 Ϯ 3.4 to Ϫ5.6 Ϯ 1.2 pA/pF (n ϭ 10, P Ͻ 0.05) in the presence of Ni 2ϩ . Current-voltage (I-V) relations of I H 2 O 2 , generated by a ramp protocol with voltages ranging from Ϫ100 to ϩ80 mV, exhibited a voltage dependence of slight outward rectification (Fig. 9A) . Application of 3 mM Ni 2ϩ inhibited the I H 2 O 2 in both inward and outward direction (Fig. 9B) .
I H 2 O 2 might be mediated via nonselective cation channels, but it could be related alternatively to Na ϩ /Ca 2ϩ exchange, which is also Na ϩ dependent and sensitive to millimolar Ni 2ϩ . The latter possibility was examined by using the specific Na ϩ /Ca 2ϩ exchange antagonist, KB-R 7943. Ten micromolar KB-R 7943 caused a significant inhibition of the outward, but only a minor reduction of the inward, I H 2 O 2 . The I-V relation of the KB-R 7943-sensitive current was outward rectifying with a reverse potential of about Ϫ20 mV (Fig. 9C) . This apparent reverse potential was close to the estimated equilibrium potential of Na ϩ /Ca 2ϩ exchange (E Na/Ca ϭ 3E Na Ϫ 2E Ca , Ϸ Ϫ25 mV), assuming an exchange stoichiometry of three Na ϩ to one Ca 2ϩ ion. These results suggested that Na ϩ /Ca 2ϩ exchange was a significant component of the outward I H 2 O 2 .
Since Na transients from 222 Ϯ 8 to 320.7 Ϯ 39.6 nM (n ϭ 8, P Ͻ 0.001) (Fig. 10) depending on the concentration and on the vascular tone (27, 28) . H 2 O 2 at 1-100 M elicited concentration-dependent relaxation in isolated bovine pulmonary arteries preconstricted with 5-hydroxytryptamine and in isolated perfused rabbit lungs primed with U-46619 (8, 9). The vasodilatation was attributed to a H 2 O 2 /catalase-dependent activation of guanylate cyclase and cGMP production in pulmonary smooth muscle (10). Another study showed that H 2 O 2 at low concentration caused vasorelaxation, but, at millimolar concentration, it activated vasoconstriction in hypoxia-contracted guinea pig pulmonary arteries (1). In contrast, H 2 O 2 -induced pulmonary vasoconstriction has been reported in many other studies in the absence of agonist-induced preconstriction (26, 46, 50, 56) . Depending on the preparations, H 2 O 2 -induced pulmonary vasoconstriction has been attributed to the activation of different signaling pathways, including cyclooxygenase, lipoxygenase, calmodulin, protein kinase C, phospholipase C, serine esterase, and tyrosine kinase. Our observation of Ca 2ϩ response elicited by H 2 O 2 , at a concentration as low as 10 M, corroborates with the latter studies that suggest that the primary response of PASMCs to a physiological concentration of H 2 O 2 is vasoconstriction. It is also consistent with a previous report in PASMCs (66) and other studies in systemic vascular myocytes (32, 52, 70) causes direct modification of cysteine residues to form intersubunit cross-linkages within the release channel tetramer (2, 18, 19) and causes S-glutathionylation in combination with glutathione (12, 20) . These sulfhydryl modifications enhance RyR activity by altering subunit-subunit interactions and by preventing the inhibitory binding of calmodulin and Mg 2ϩ . It is also accepted that H 2 O 2 activates IP 3 R (5, 74) through sulfhydryl modifications, which lead to the increase in IP 3 R's sensitivity/affinity to IP 3 (21, 24) . Moreover, Ca 2ϩ release via IP 3 -sensitive Ca 2ϩ stores could be further enhanced by H 2 O 2 -induced activation of PLC (22, 56) .
In addition to ryanodine-and IP 3 -sensitive Ca 2ϩ stores, mitochondria and acidic lysosomal organelles may act as effective intracellular Ca 2ϩ stores in PASMCs. Previous studies showed that H 2 O 2 at 1 mM causes a slow and sustained Ca 2ϩ release from mitochondria of bovine pulmonary smooth muscle and mouse pancreatic acinar cells (45, 53) . We and others have found a thapsigargin-insensitive lysosomal Ca 2ϩ store, which contributes to endothelin-1 and integrin-ligandinduced Ca 2ϩ mobilization in PASMCs (7, 30, 60) . The small mobilization from these intracellular Ca 2ϩ stores. In contrast to the findings in aortic, mesenteric, and cerebral arterial smooth muscle cells (52, 59, 70, 71) 
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